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a b s t r a c t

The chelating membrane was prepared by introducing amidoxime groups on to the surface of poly-
acrylonitrile (PAN) ultra filtration (UF) membrane to remove simultaneously the metallic ions and 
organic pollutants from aqueous solution. The performance of chelating membrane were investigated 
in terms of membrane flux, bovine serum albumin (BSA) rejection and removal rate of ions. The results 
showed that the amidoxime groups were successfully introduced onto PAN UF membrane, result-
ing in the rough membrane surface associated with increased hydrophobic properties. The chelating 
membrane exhibited a higher BSA rejection rate than original UF membrane, but had a relatively lower 
membrane flux. It was feasible to remove effectively Cu2+ and Pb2+ ions from aqueous solution by che-
lating membrane. Removal of metal ions for the chelating membrane followed this order: Cu2+ > Pb2+ 

> Cd2+. As to the least preferentially adsorbed ion (Cd2+ ion), the removal rate could be significantly 
increased from 32% to73% in the presence of BSA due to the complexation of metal ion with protein.
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1. Introduction

In recent years, the scarcity of fresh water is raising 
concern worldwide with the industrial development and 
environmental pollution [1]. Industrial wastewater is a 
major source for spreading heavy metal ions (copper, lead, 
mercury and chromium) pollution in the accessible water 
sources, which poses a potential threat to human health. 
Therefore, it is of great significance to remove toxic heavy 
metal ions from the industrial waste water for obtaining 
clean water or non-threatening wastewater. There are a lot 
of methods to remove metal ions from aqueous solution 
including ion exchange, electrochemical operation, mem-
brane separation and adsorption, etc [2,3]. Among these 
approaches, adsorption is one of the most widely adopted 
method [4]. Natural bio-sorbents are recommended 

because they are biodegradable, renewable, biocompati-
ble, and nontoxic. As a byproduct in the furniture indus-
try, the sawdust is a promising natural low-cost sorbent. 
Zhou et al. [5] prepared citric acid modified sawdust to 
remove divalent heavy metal ions (Cu2+, Pb2+ and Cd2+) 
from aqueous solutions. Zhang et al. [6] utilized the cit-
ric acid modified sawdust to simultaneously remove Cu2+ 
and methylene blue (MB) from the aqueous solutions. Fur-
thermore, various polymer adsorbents are widely used to 
remove the metal ions from the wastewater. The adsorp-
tion capability is highly dependent upon the functional 
group son the adsorbent surfaces including carboxylate, 
hydroxyl, sulfate, phosphate, amide, amino [7] and ami-
doxime group, which can form a complexation with metal 
ions. Among them, amidoxime groups attract much atten-
tion due to the high tendency to form strong complexes 
with heavy metal ions.

Recently, the chelating membrane has been recog-
nized as the most attractive and efficient method for 
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removing metal ions from aqueous solution. The com-
mon feature of chelating membranes is containing a great 
deal of chelating group that can form strong complexes 
with metal ions. There is a vast number of literature about 
chelating membranes fabricated on the basis of different 
polymer materials, such as cellulose acetate (CA) [8–11], 
polyvinylidene fluoride (PVDF) [12,13], polyvinyl alco-
hol (PVA) [14–16], polysulfone (PSF) [17–20], polyacry-
lonitrile (PAN) [21–23] and so on. As to PAN chelating 
membrane, the previous literatures mainly focus on the 
application of PAN nano fiber membrane fabricated by 
the electro spinning technique [21–23]. However, the 
nano fiber membrane has a drawback of low productiv-
ity and high cost, which limits the wide application in 
aqueous waste treatment. It is essential to find a sim-
ple and easy way to prepare the chelating membrane. 
PAN ultrafiltration(UF) membrane is normally fabri-
cated though a phase inversion method, which is widely 
adopted in industrial scale. UF membrane can remove 
effectively the organic contaminants from the polluted 
water [24], but it is in capable of removing the metal ions 
from the wastewater. The fabrication of chelating mem-
branes through immobilizing functional groups into the 
UF membrane becomes an important option.

In the present study, the chelating membrane was pre-
pared by introducing amidoxime group onto the PAN UF 
membrane surface. The chelating membrane were fully 
characterized by Fourier transform infrared spectrometer 
(FT-IR), energy dispersive spectrometer (EDS) and scan-
ning electron microscope (SEM). The performance of che-
lating membrane was evaluated in terms of membrane 
flux,bovine serum albumin (BSA) rejection and removal 
rate of metal ions.

2. Experimental

2.1. Materials

The PAN powders (Mw = 60,000 g/mol) and N, N-di-
methylformamide (DMF) were purchased from Tianjin 
Kemiou Chemical Reagent Co. Ltd. (China). Bovine serum 
albumin (BSA, Mw = 68,000 g/mol) were obtained from 
Solarbio (China). Hydroxylamine hydrochloride were 
obtained from Aladdin (China). Copper (II) chloride (CuCl2, 
>99%) , lead (II) nitrate (Pb(NO3)2, >99%) and cadmium 
nitrate tetrahydrate (CdN2O6·4H2O > 99%) were obtained 
from Tianjin Kemiou Chemical Reagent Co. Ltd. (China). 
All the chemicals were analytical grade.

2.2. Characterization

Fourier transform infrared (FT-IR) spectrometer from 
Perkin Elmer Inc. (USA) was employed to analyze the 
chemical structure. Scanning electron microscope (SEM) 
(JSM-7800F) from JEOL (Japan) was used to characterize the 
membrane morphology and structure. Atomic absorption 
spectroscopy (AAS) (Spectr 180–80) from Hitachi (Japan)
was used to measure the concentration of metal ions in 
solution. Ultraviolet spectrophotometer (UV-1700PC) from 
Macy Instruments Inc. (China) was employed to analyze 
the BSA solution concentration. 

2.3. Preparation of PAN chelating membrane

PAN powders were dried for 24 h at 60ºC before use, 
and then dissolved in DMF (casting solution: 17 wt%) 
under constant stirring at room temperature. Vacuum 
deaeration was conducted to eliminate the air bubble in 
casting solution before use. UF membranes were prepared 
by the L-S phase exchange method. The prepared UF 
membranes were soaked in the deionized water refresh-
ing periodically.

Reaction of hydroxylamine hydrochloride with PAN nitrile group

The prepared PAN membrane was chemically modified 
with hydroxylamine hydrochloride to prepare the chelating 
membrane containing amidoxime groups. Hydroxylamine 
hydrochloride (3.47 g) and sodium carbonate (4.5 g) were 
added to a 1 L beaker with 500 ml deionized water where 
the PAN membrane was immersed in. The reaction was 
carried out at 60°C for 2 h. After reaction, chelating mem-
branes were washed with deionized water for several times 
to remove the residual chemicals. The conversion of nitrile 
group on the surface of PAN UF membrane in to amidox-
ime group was calculated as follows [4]:
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where Cn is conversion of nitrile group into amidoxime 
group, W0 and W1 is the weight of PAN membranes before 
and after chemical modification, respectively, M1and M0 is 
the molecular weight of hydroxylamine (33) and acryloni-
trile monomer (53), respectively.

2.4. Membrane porosity measurement

After the water on membrane surface was drained out 
by filter paper, the membrane was weighed (Ww). The mem-
brane was dried in a vacuum oven at 60°C for 4 h and then 
weighed (Wd).The porosity of membrane can be calculated 
as follows:
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where Pr is porosity of membrane, Ww is the weight of wet 
membrane, Wd is the weight of dry membrane, ρH2O is the 
density of deionized water and is the density of PAN mem-
brane.

2.5. Water flux measurement

The water flux of membrane was measured by UF cell 
from Shanghai SINAP Membrane Tech Co., Ltd (China). 
The membranes were pre-pressured at 0.15 MPa for 30 min 
to get stable structure, and then water flux of membrane 
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was measured at 0.1 MPa. The water flux of membrane (at 
25°C) can be calculated as follows:

J
V

A T
=

×
 (3)

where J is the water flux of membrane, V is the volume of 
water through membrane, A is the effective area of mem-
brane, T is the filtration time.

2.6. BSA rejection measurement

The BSA solution concentration was determined using 
a ultraviolet spectrophotometer. The BSA rejection of mem-
brane (R) can be evaluated as follows:
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where CF and CP is the BSA concentrations of the feed and 
the permeate, respectively.

2.7. Static adsorption

The static adsorption of metal ions was carried out to 
evaluate the removal rate of ions and the adsorption capac-
ity of chelating membrane. 200 mg chelating membrane 
(conversion degree: 2.5%) was immersed in a 200 ml aque-
ous ion solution (10 mg/L) with stirring at 25°C. The resid-
ual concentration of ions in solutions after adsorption time 
twas analyzed by a atomic absorption spectroscopy. The 
removal rate of ions was evaluated as follows:
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where γ is the removal rate of ions, C0 is the initial concen-
tration of ion solution and Ct is the concentration of ions in 
solution after adsorption time t.

The adsorption capacity (Q) (mg/g) of chelating mem-
brane can be calculated as follows:

Q
C C V

m
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−( )0
 (6)

where V is the total volume of solution and m is the weight 
of dry chelating membrane.

2.8. Dynamic removal

The chelating membrane was fixed at the UF cell filled 
with 100 ml ion solution for dynamic removal of metal ions. 
UF experiment of ion solutions was performed and mem-
brane flux was measured at 0.1 MPa. The ion concentration 
of the permeate was analyzed to evaluate the removal rate 
of ions.

3. Results and discussion

3.1. FTIR and EDS analyses

FTIR spectra was employed to identify the presence of 
certain functional groups on the chelating membrane sur-

face because each specific chemical bond often showed a 
unique energy adsorption band. FTIR spectra of original 
PAN membrane and chelating membrane are presented 
in Fig. 1. Compared with PAN membrane, the chelating 
membrane showed different characteristic adsorption 
peaks. The strong and wide peak at about 3500~3000 cm–1 

corresponded to O-H and N-H bonds [25]. The characteris-
tic stretching vibration C-O and N-O absorption bands at 
1687 cm–1 and 942 cm–1 were also observed [26]. It indicated 
that the amidoxime group was successfully introduced into 
the PAN membrane. In addition, both original membrane 
and chelating membrane exhibited the similar characteris-
tic peak at about 2246 cm–1 corresponding to nitrile group 
(-CN) [27,28], suggesting that the nitrile group of PAN 
membrane was partially converted into amidoxime group.

The energy dispersive spectroscopy (EDS) was 
employed to determine the atomic percentage of various 
elements of membranes and results are shown in Table 1. 
After the chemical modification of PAN membrane, the 
atomic percentage of N and O elements in chelating mem-
brane increased by 4.53 % and 10.6 %, respectively, while it 
decreased by 15.13 % for C element. The variation in atomic 
percentage of C, N and O elements could further testify 
the successful introduction of amidoxime group onto PAN 
membrane.

3.2. Membrane structure

SEM images of both original membrane and chelat-
ing membrane are presented in Fig. 2. It can be seen from 
Figs. 2a1 and 2b1 that the surface morphology of original 
membrane was much smoother than chelating membrane. 
The surface roughness of chelating membrane was mainly 
attributed to the introduction of amidoxime group onto 

Fig. 1. FTIR spectra of PAN membrane and chelating membrane.

Table 1 
Weight percent of elements based on EDS analysis

Element Original membrane Chelating membrane

C 68.59% 53.46%
N 24.41% 28.94%
O 7% 17.60%
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the surface of PAN membrane, leading to the occlusion 
of membrane pores. As a result, the porosity of chelating 
membrane (80.67%) was slightly less than that of original 
PAN membrane (83.08%). The cross-sectional structure of 
membranes was illustrated in Figs. 2a2 and 2b2. Both orig-
inal membrane and chelating membrane exhibited similar 
finger-like pore structure. No obvious evidence showed the 
presence of amidoxime groups on the pore wall of chelat-
ing membrane. It indicated the surface modification had a 
little influence on the cross-sectional structure of chelating 
membrane.

3.3. Filtration performance of BSA solution

The BSA rejection is an important index reflecting the 
filtration performance of UF membrane. The rejection rate 
of BSA solution for both original membrane and chelating 
membrane were examined to investigate the influence of 
surface modification on the UF membrane performance. 

Fig. 2. Surface structure of original membrane (a1) and chelating membrane (b1), cross-sectional structure of original membrane (a2) 
and chelating membrane (b2).

Fig. 3. Variations of BSA rejection and filtration flux for original 
membrane and chelating membrane with the casting solution 
concentration (BSA solution concentration: 200 mg/L).
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Fig. 3 shows that chelating membrane possessed a higher 
BSA rejection rate (100%) than original membrane (above 
98%) in the range of casting solution concentration. It indi-
cated that the introduction of amidoxime groups on the 
PAN membrane surface during the chemical modification 
could improve the BSA rejection performance. As men-
tioned before, the chemical modification changed the sur-
face morphology of membrane, resulting in the blockage 
of pore, thereby reducing the porosity of membrane. The 
low porosity of chelating membrane was beneficial for the 
enhancement of BSA rejection performance. As far as BSA 
rejection was concerned, it could conclude that the chemical 
modification had a positive influence on the UF membrane 
performance. 

In order to further investigate the influence of chemi-
cal modification on the filtration performance of UF mem-
brane, the membrane flux of BSA solution was measured, 
and the results are shown in Fig. 3. Obviously,the chelating 
membrane exhibited a lower filtration flux of BSA solution 
than original membrane. It was mainly due to the fact that 
the introduction of amidoxime groups changed the sur-
face roughness of chelating membrane, thereby enhancing 
the hydrophobicity of membrane, which was validated 
by variations of contact angle of membranes. The contact 
angle of chelating membrane (46.11°) was much higher 
than that of original PAN membrane (36.62°), indicating 
the surface modification augmented the hydrophobic 
properties of chelating membranes. As far as membrane 
flux was concerned, it concluded that the chemical mod-
ification had a negative influence on the UF membrane 
performance.

3.4. Static removal behaviors

In order to investigate the feasibility of chelating mem-
brane for removing the metal ions, the static adsorption 
of metal ions was conducted. Fig. 4 shows the time-de-
pendent adsorption behaviors of chelating membrane in 
removing lead, cadmium and copper ions from aqueous 

solution. It could be seen that the removal rate of Cu2+, 
Pb2+ and Cd2+ ions increased rapidly in the first 1 h and 
then augmented slowly and approached the adsorption 
equilibrium in about 7 h. The removal rate of ions dramat-
ically increased during the initial period due to the fact 
that there were a lot of amidoxime groups on the surface 
of chelating membrane. The static adsorption of metal ions 
depended highly upon the number of available functional 
groups (amidoxime group) on the surface of chelating 
membrane.

The effect of solution pH values on the adsorption 
capacity of chelating membrane for different metal ions is 
presented in Fig. 5. The adsorption experiments were per-
formed in a pH range of 2–7 in order to avoid the precipita-
tion of metal ions under alkaline conditions. As expected, 
the adsorption capacity of chelating membrane for metal 
ions showed an increasing tendency with pH value, which 
was consistent with the previous study [29]. It could be 
attributed to the fact that low H+concentration may com-
pete with the metal ion for the coordination with active 
amidoxime group and subsequently lower the adsorp-
tion capacity at low pH values. Differently, the adsorption 
capacity of chelating membrane exhibited a significant 
increase at high pH value for Cu2+ and Pb2+ ions, while a 
moderate increase for Cd2+ ion. It was mainly due to the 
strong interaction betweenCu2+ and Pb2+ions and amidox-
ime group.

Fig. 6 shows the effect of the conversion degree of 
chelating membrane on the adsorption capacity for dif-
ferent ions. The conversion degree of nitrile group into 
amidoxime group varied with the reaction condition such 
as hydroxylamine hydrochloride concentration or reac-
tion time. In this study, the conversion degree of chelating 
membrane was controlled within a relatively lower level 
(< 30%), because the chelating membrane with a high con-
version degree was very brittle and easily broken. It can be 
seen from Fig. 6 that the adsorption capacity for Cu2+ and 
Pb2+ ions increased with the increment of the conversion 
degree of chelating membrane due to the strong interac-

Fig. 4. Variation of removal rate for different ions versus time.
(ion concentration: 10 mg/L; solution volume: 200 ml; chelating 
membrane: 200 mg; conversion degree: 2.5%).

Fig. 5. Effect of pH value on the adsorption capacity for different 
ions (ion concentration: 10 mg/L; solution volume: 200 ml; che-
lating membrane: 200 mg; conversion degree: 2.5%; adsorption 
time: 1 h).
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tion between Cu2+ and Pb2+ ions and amidoxime group. 
However, the conversion degree of chelating membrane 
had a negligible influence on the adsorption capacity for 
Cd2+ ion owing to the weak complexation between ami-
doxime group and Cd2+ ion. 

3.5. Competitive removal of different ions

The competitive removal of Cu2+, Pb2+ and Cd2+ ions 
from aqueous solution was conducted under the condition 
that the concentration of each kind of ion was same (3.33 

mg/L). The total ion concentration in solution was approx-
imately about 10 mg/L. Fig. 7 shows that the chelating 
membrane had a significantly higher removal rate for Cu2+ 
ion than for Pb2+ and Cd2+ ion. After 6 h, the removal rate of 
Cu2+ ion was 100%. The removal rate of Pb2+ ion achieved 
the equilibrium value after 3 h, about 19%. However, the 
removal rate of Cd2+ ion was almost 0. It confirmed that the 
chelating membrane removed Cu2+ ion the most preferen-
tially, followed by Pb2+ ion, Cd2+ ion the least preferentially, 
due to the most strong interaction between Cu2+ion and 
amidoxime group. The preferential removal of Cu2+ ion 
might be attributed to the minimum of ionic radius (0.073 
nm) among these ions.

3.6. Dynamic removal behaviors

The purpose of this study is to remove the metallic ion 
from the industrial wastewater by the chelating membrane. 
UF experiment of ion solution was conducted using the 
UF cell to evaluate the dynamic removal of metal ions for 
chelating membrane (conversion degree: 2.5%). The solu-
tion volume was 100 ml. The concentration of each kind 
of ion was 1.67 mg/L. Table 2 shows that chelating mem-
brane could remove completely both Cu2+ and Pb2+ ions 
from the aqueous solution. However, the removal rate of 
Cd2+ ion was still very low (32%), due to the weak interac-
tion between Cd2+ ion and amidoxime groups. Obviously, it 
was feasible to remove effectively Cu2+ and Pb2+ ions from 
the industrial wastewater by chelating membrane at a rela-
tively low ion concentration.

In fact, the metallic ions and organic pollutants may 
coexist in the industrial wastewater. It is necessary to 
investigate whether the chelating membrane can remove 
simultaneously metal ions and organic contaminants from 
the industrial wastewater. The function of traditional UF 
membrane is the rejection of the macromolecular organic 
contaminants. The introduction of functional groups onto 
UF membrane endows the chelating membrane can remove 
effectively the metallic ions from aqueous solution. Theoret-
ically, the chelating membrane can remove effectively metal 
ions and organic contaminants at the same time. UF exper-
iment of ion solutions mixing with BSA solution (C = 200 
mg/L) was conducted under the same operation condition. 
As illustrated in Table 3, the chelating membrane could 
remove completely Cu2+, Pb2+ ions and BSA from aqueous 
solution. Surprisingly, the removal rate of Cd2+ ion signifi-
cantly increased to 73% in the presence of BSA. It indicated 
the presence of BSA could augment the removal rate of 
certain metal ion that was the least preferentially removed 
by the chelating membrane. The improvement of Cd2+ ion 
removal rate was might due to the complexation of metal 
ion with BSA protein. 

Fig. 6. Effect of the conversion degree of chelating membrane on 
the adsorption capacity for different ions. (ion concentration: 10 
mg/L; solution volume: 200 ml; chelating membrane: 200 mg; 
adsorption time: 1 h).

Fig. 7. Competitive adsorption of different metal ions for che-
lating membrane (Cu2+ ion concentration: 3.33 mg/L; Pb2+ ion 
concentration: 3.33 mg/L; Cd2+ ion concentration: 3.33 mg/L; 
solution volume: 200 ml; chelating membrane: 200 mg; conver-
sion degree: 2.5%.).

Table 2 
Dynamic removal of metal ions(no BSA)

Metal ions Removal rate Membrane flux (L·m–2·h–1)

Cu2+ 100% 83.57
Pb2+ 100%
Cd2+ 32%
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4. Conclusions

In this study, the chelating membrane was success-
fully fabricated through chemical modification of PANUF 
membrane. The surface morphologies of chelating mem-
brane became much more rough owing to introduction of 
amidoxime groups, thereby increasing the hydrophobic 
properties. The chelating membrane exhibited a higher 
BSA rejection rate than original UF membrane. However, 
the chelating membrane had a relatively lower filtration 
flux of BSA solution due to the increased hydrophobicity 
of membrane. It was feasible to remove effectively Cu2+ 
and Pb2+ ions from aqueous solution by chelating mem-
brane containing amidoxime groups. The chelating mem-
brane had a significantly higher removal rate for Cu2+ ion 
than for Pb2+ and Cd2+ ion, suggesting that Cu2+ ion was the 
most preferentially removed, owing to the strong interac-
tion between Cu2+ion and amidoxime group. As to the least 
preferentially removed metal ion, the removal rate of Cd2+ 
ion could be significantly increased from 32% to 73% in 
the presence of BSA,due to the complexation of metal ion 
with protein. Meanwhile, the chelating membrane could 
completely rejected BSA from aqueous solution. The che-
lating membrane can be recognized as a highly efficient 
and promising method for the simultaneous removal of 
metallicions and organic contaminants from the industrial 
wastewater.
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